We point out a potential common origin of the recently observed 750 GeV diphoton resonance and a Weakly Interacting Massive Particle (WIMP) candidate. In a dark QCD sector with an unbroken dark G-parity, the diphoton resonance could be a dark G-even pion, while the WIMP could be the lightest dark G-odd pion. Both particles are Standard Model gauge singlets and have the same decay constant. For the dark pion decay constant of around 500 GeV, both the diphoton excess at the LHC and the dark matter thermal abundance can be accommodated in our model. Our model predicts additional dark G-even and dark G-odd color-octet pions within reach of the 13 TeV LHC runs. For the 5 +5 model, compatible with the Grand Unified Theories, the WIMP mass is predicted to be within (613, 750) GeV.
Introduction
Strongly coupled composite sectors are a generic prediction of asymptotically free gauge theories. As such, they have long played a role in particle physics models, not the least of which is determining the phenomenology of hadrons. In the context of physics beyond the Standard Model (BSM), they can also provide interesting and unique signals at the Large Hadron Collider (LHC) [1] and can alleviate the hierarchy problem [2] . The bound states that arise in strongly coupled sectors can have accidental discrete symmetries that suppress or eliminate their decays. For example, if the constituent "quarks" are vector-like, transform under representations of a SU (2) flavor symmetry and otherwise fall into real representations of any non-Abelian gauge groups, they can be protected by a new G-parity [3] , which is a generalization of charge conjugation symmetry. An approximate version of such a symmetry protects light hadrons from decaying in QCD, but is broken by electroweak interactions. A new strongly coupled composite sector could also exhibit its own G-parity. If the symmetry is exact, then the lightest G-odd particle is stable and is a candidate for dark matter. We will call the sector with new strong dynamics similar to QCD the dark QCD sector.
Recent results [4, 5] from Run 2 at the LHC have hinted at a new diphoton resonance with a mass of 750 GeV. If the data are really displaying the first signs of BSM physics at the LHC, then they point to a relatively large σ × Br ∼ 5−10 fb for the new resonance into diphoton. The large couplings of the neutral resonance to gluons and photons hint at a new strongly coupled sector, of which the 750 GeV particle could be a pion. Such a scenario has been considered independently in Refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] , but in this work we extend such models to a case where the new strongly coupled sector (dark QCD) has an exact dark G-parity and demonstrate that this model has a viable dark matter candidate as the lightest G-odd pion. Other potential explanations of the LHC diphoton excess have been presented in Refs. [15] [16] [17] [18] [19] [20] [21] [22] .
The dark G-odd pion, as a cousin of the 750 GeV diphoton resonance, can annihilate into photons and gluons, so that it can be a thermal relic dark matter. Its couplings to photons and gluons are related to the 750 GeV diphoton resonance couplings, because both particles arrive from the same strongly coupled sector. We demonstrate below that these interactions could lead to the stable dark pion making up either a significant fraction or all of the observed dark matter. The same interactions generate potential signals for dark matter direct and indirect detection, as well as mono-X type signals at the LHC.
In addition, the relative couplings of the G-even dark pion, the 750 GeV diphoton resonance, to other gauge bosons are predicted within the model with no free parameters. In particular, we provide concrete predictions for Zγ, ZZ, W W and gg observations of this unstable dark pion. The remaining dark pions in this model couple directly to QCD or electroweak gauge bosons and could lead to spectacular dijet or multi-particle signals.
The rest of this paper is structured as follows. In Section 2, we present the 5 +5 dark QCD model and determine its basic properties in Section 2.1, compatibility with the LHC diphoton excesses in Section 2.2, and dark matter potential in Section 2.3. We briefly discuss the other 8 + 1 + 1 model in Section 2.4 and conclude in Section 3.
Dark QCD Models with a Dark G-parity
As noted in Ref. [3] , one could have an unbroken G parity in the dark QCD sector under the assumption that the dark quarks have real representations under the SM gauge interactions. For irreducible representations under the SM gauge group, no G-even dark pions can explain the 750 GeV diphoton resonance, at least for models in Ref. [3] . Beyond the simplest models, one could choose dark quark representations to have both a G-odd dark pion for dark matter and a G-even dark pion for the diphoton resonance. In this section, we present one representative model to discuss the correlation between the dark matter phenomenology and the diphoton-related signals.
The 5 +5 Model
To be compatible with the Grand Unified Theories, it is natural to consider the SU (5) GUT representations. Furthermore, to conserve the G-parity, we need to have a "real" representation of SU (5) GUT , so we introduce 5 +5 as the first example. 1 The particle content in terms of dark quarks is listed in Table 1 . 1 We also note the possibility of combining 5 +5 into a real representation, 10, of SO(10). A common Dirac mass for ψ1 and ψ2 can be explained.
The basic Lagrangian is
Here, the dark QCD gauge field is denoted byÂ µ with the generator ast b ; the GUT SU (5) gauge field is denoted by A a µ with the generator as t a with Tr[t a t b ] = 1 2 δ ab . We also introduce a mass matrix, M ψ , for both ψ 1 and ψ 2 . At the scale around 1 TeV, in order to conserve the SM gauge symmetry, there are two parameters for this mass matrix
with m 1 , m 2 ≥ 0 in our convention.
The above Lagrangian is invariant under the "dark G-parity", under which the dark quarks, dark gauge fields and the GUT gauge fields transform as
with C denoting charge conjugation. Note in particular that A a µ , as well as all remaining SM fields are invariant. It is readily verified that the Lagrangian in Eq. (1) 
Here, the superscript "+(−)" means the G-parity even(odd). 2 We can further decompose these pions into SM gauge group representations. For instance, using the notation of (SU (2) W , SU (3) QCD ) U (1) Y one has
There are totally three SM gauge singlets with one G-parity even and two G-parity odd. We will denote (1, 1) 
which has the canonical normalization with Tr(T 1 + T 1 + ) = 1/2 and the same for other pion generators. To calculate couplings of dark pions with SM gauge bosons, we will use the 10 × 10 matrix representation of the SU (5) generators as T a = diag(t a , −t a * ) with Tr(T a T a ) = δ ab . To complete the decomposition into SM gauge group representation, we also have 10 = (1,
and 15 = (3, Since the SM gauge interactions can provide masses for charged pions, we anticipate that the three SM-singlet pions are lighter than others. The bare dark quark masses contribute to the dark pions via the general formula
with A, B = 1, · · · , 10 and M Q = diag(M ψ , M ψ ). The dark quark condensation can be used to define the dark QCD chiral symmetry breaking scale via QQ = Λ 3 d /(16π 2 ) I 10 . Applying the general formula in Eq. (7) to our model, we have
The contributions to other SM charged dark pion masses are proportional to 2m 1 , 2m 2 , or m 1 + m 2 , depending on their charges. For SM charged dark pions, the contributions from SM gauge boson loops are quadratically divergent and are 
We also note that there is an upper mass M 1 − B ≤ 918 GeV, saturated by choosing m 2 = 0.
Properties of 1 + : 750 GeV diphoton resonance
For the G-even dark pion, the triangular anomalies mediate its interactions with two gluons and two photons. The general form for the anomaly-mediated interactions are
Applying this general form to 1 + in our model, we have For this model, we have several decay channels for 1 + . We show the branching fractions and the total widths in Table 2 . We note that neglecting the phase space factors, the ratio of the branchings of γγ, 
with θ W as the weak mixing angle and sin 2 θ W ≈ 0.23.
Using the MSTW 2008 PDFs [23] and the narrow-width approximation, we calculate the production cross section times diphoton branching ratio in Fig. 2 A prior search using data from Run 1 constrained the production of a Zγ resonance with a mass of 750 GeV. They obtained a limit at this mass of
from Ref. [24] . Using the well-known leptonic branching fraction of the Z to leptons, Br(Z → ℓ + ℓ − ) = 0.0673, the gg parton luminosity ratio at 750 GeV from 13 TeV to 8 TeV of 4.7, and the branching fraction ratios determined from Eq. (13), we can relate this to a constraint on 13 TeV production of γγ via the 1 + resonance. We find
Figure 2: The production cross section times branching ratio for pp → 1 + → γγ at the 13 TeV LHC, with M 1 + = 750 GeV. The σ × Br for the 750 GeV diphoton excess is shown in the black line with 1σ (green) and 2σ (yellow) bands. We also show the rescaled Zγ constraint from the 8 TeV results [24] .
We show this constraint line in Fig. 2 . The majority of the parameter space that offers an explanation of the diphoton excess remains allowed after imposing this constraint.
Properties of a 1 − WIMP
As discussed above, the lightest G-odd particle, 1 
The first operator is the dark matter chromo-Rayleigh interaction [25, 26] and the second and third operators are related to the electromagnetic polarizability of dark matter [27, 28] . Up to an order-of-unity number, η, from non-perturbative physics, we have
The WIMP candidate, 1 − , mainly annihilates to two gluons with the annihilation rate The blue line is our model predictions of the spin-independent scattering cross sections after satisfying the dark matter thermal relic abundance Ω c . For the 5 +5 model, the WIMP mass is predicted to be within (613, 750) GeV. The dashed and red line is the "neutrino floor" cross section [29] .
For direct detection experiments and following a standard calculation like in Ref. [26] , we have the spin-independent scattering cross section as
for c G = η/20 with η = 1.3, N d = 4, M 1 − = 650 GeV and f Π = 350 GeV. Here, m N is the nucleon mass and κ ≈ −0.20 and is related to the matrix element of gluon operators inside a nucleon. We note that the predicted scattering cross section in our model is below the current bound from LUX [30] and could be probed by future direct detection experiments. Furthermore, taking the ratio of Eq. (19) and Eq. (20), one can see that only the dark matter mass M 1 − becomes the relevant parameter for the direct detection predictions in our model. In Fig. 3 , we show our model predictions for WIMP spin-independent scattering cross sections together with the LUX limits. The predicted cross sections for our 5 +5 model are around two orders of magnitude below the current constraints.
The 8 + 1 + 1 Model
Before we finish this section, we briefly mention other possible models with no obvious compatibility with a GUT theory. For instance, we could have a "8 + 1 + 1" model with one QCD octet dark quarks plus two dark quarks with opposite hypercharges. Their charges under the SM gauge group is listed in Table 3 . We note that for N d ≥ 2, SM QCD is not asymptotic free above the dark confinement scale and has a Landau-pole scale depending on N d . The resulting SM QCD Landau pole scale can be above the Planck scale only for N d = 2. 
Here, the SM QCD gauge field is denoted by G a µ with the generator as t a with Tr[t a t b ] = C(8) δ ab = 3 δ ab . The dark G-parity is defined as
In the low energy theory below Λ d , we have totally 99 PNGB's, which are
Here, the subscript denotes the electric charge of dark pions; "A" and "S" mean anti-symmetric and the symmetric combinations. Applying the general formula in Eq. (7) to our model, we have
In this model, 1 − is the lightest G-odd dark pion in the spectrum. In the latter study, we just treat M 1 + and M 1 − as two free parameters.
The 1 + dark pion can serve as the 750 GeV diphoton resonance. Its anomalous couplings to gauge bosons are
It has the ratios of the branchings of γγ, Zγ and ZZ as 
In Fig. 4 , we show the production cross section times diphoton branching ratio as a function of f Π for the benchmark model point x = 1. One can see that for N d from 2 to 5 and f Π from 400 GeV to 1 TeV, the 750 GeV diphoton excess can be explained in this model. The derived constraint from the 8 TeV Zγ resonance searches is less than 32 fb and much weaker than that for the 5 +5 model.
The G-odd dark pion 1 − is a stable particle and could be a WIMP candidate. 2 η. After satisfying the WIMP thermal relic abundance, the predicted direct detection cross sections for different WIMP masses are also as shown in Fig. 3 . The LUX experiments have already imposed a bound on the dark matter mass to be above ∼ 160 GeV.
Discussion and Conclusions
The model described in this work has additional pions that could be observed at the LHC. In addition, there are hypercharged octets, which may require large multiplicity final states in order to decay depending on their hypercharges. We defer a detailed discussion of their phenomenology.
Since the WIMP candidate, 1 − , can annihilate into a pair of gluons, which will eventually hadronize, and produce secondary particles including photons, positrons, antiprotons and neutrinos. Those particles can give dark matter indirect detection signals. On the other hand, if we require the WIMP thermal relic abundance match to the observed dark matter energy density, the annihilation cross section is too small to be constrained by the current dark matter indirect searches. Besides the dominate gluon annihilation channel, our WIMP candidate can also annihilate into a pair of photons, generating a monochromatic gamma ray signal. This signal is suppressed by α 2 s /α 2 Y ∼ O(100), so the current experiments are not sensitive to it. It is still an interesting signal for future indirect dark matter search experiments.
In summary, we have constructed a dark QCD model with an unbroken dark G-parity. The 750
GeV diphoton resonance could be explained by the dark G-even and SM gauge singlet pion. In the same model, the lightest dark G-odd pion provides a good WIMP candidate.
